Abstract. Lung cancer remains the leading cause of cancer-associated mortality in China and worldwide. Increasing numbers of studies have demonstrated that microRNAs (miRNAs/miRs) have vital functions in numerous developmental processes and tumorigenesis. The aim of the present study was to investigate miR-154 expression in non-small cell lung cancer (NSCLC), and to explore the roles of miR-154 in the carcinogenesis and progression of this cancer. Reverse transcription-polymerase chain reaction (RT-qPCR) was performed to detect miR-154 expression in NSCLC tissues and cell lines. In addition, cell proliferation assay, migration and invasion assays were adopted to investigate the functional roles of miR-154 in NSCLC. Bioinformatics analysis, luciferase reporter assay, RT-qPCR and western blot analysis were used to explore the potential targets of miR-154 in NSCLC. According to the results, miR-154 was significantly downregulated in NSCLC tissues and cell lines. Restoration of miR-154 expression inhibited proliferation, migration and invasion of NSCLC cells. In addition, B-cell-specific Moloney murine leukemia virus insertion site 1 (BMI-1) was identified as a direct target gene of miR-154 in NSCLC. In conclusion, miR-154 may function as a tumor suppressor in NSCLC, partly by regulating BMI-1, and the modulation of miR-154 expression represents a potential strategy for the treatment of NSCLC patients.
Introduction
Lung cancer, a highly malignant tumor, is the leading cause of cancer-associated mortality in males and females worldwide (1). The incidence and mortality rates of non-small cell lung cancer are increasing in developing countries, including China, due to the increase in the use of tobacco as well as air pollution (2) . According to its pathological pattern, lung cancer may be divided into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) (3) . NSCLC, which includes adenocarcinoma, squamous cell carcinoma, adenosquamous cell carcinoma and large cell carcinoma, accounts for ~80-85% of all lung cancer cases (4) . Despite advances in traditional treatments, including surgery, supplemented with radiotherapy and chemotherapy, the prognosis remains poor and the five-year overall survival rate is extremely low (17.1%) (5) . These facts indicate an urgent requirement to fully understand the molecular mechanisms underlying the carcinogenesis and progression of NSCLC, and to investigate novel therapeutic targets to control this malignant disease.
Increasing studies have demonstrated that microRNAs (miRNAs/miRs) have vital functions in numerous developmental processes and tumorigenesis, including the progression of NSCLC (6) (7) (8) . miRNAs represent a group of small (~19-25 nucleotides), non-protein-coding, and endogenous single RNAs, which negatively regulate gene expression by binding to the 3' untranslated regions (3'UTRs) of target genes in an imperfect base pairing manner, causing mRNA cleavage or translational repression (9, 10) . To date, miRNAs have been demonstrated to regulate >30% of all cellular proteins and serve substantial roles in a wide range of physiological and pathological processes, including cell growth, cell cycle, apoptosis, development, migration, invasion, survival and metastasis (11) (12) (13) . Accumulating evidence suggests that the abnormal expression of miRNAs is associated with various types of human cancer, and may serve as a new therapeutic strategy for cancers as they act as oncogenes or tumor suppressors in tumorigenesis and development (14) .
In the present study, the potential roles of miR-154 were investigated in NSCLC. The expression levels of miR-154 were measured in NSCLC tissues and cell lines, and its effects on cell proliferation, migration and invasion were evaluated. Furthermore, the direct targets of miR-154 in NSCLC and the underlining molecular mechanism of its functions were explored. The results are likely to provide a better understanding of NSCLC carcinogenesis and progression, and a therapeutic target for patients with NSCLC.
Materials and methods
Tissue samples, cell lines and cell transfection. This study was approved by the ethics committee of XinHua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, China. Written informed consent was obtained from all patients prior to enrollment in the present study. NSCLC tissues and matched normal lung tissues were collected from 32 patients at XinHua Hospital Affiliated to Shanghai Jiao Tong University School of Medicine. None of these NSCLC patients had received chemotherapy or radiotherapy prior to the surgery. Following collection, all tissue samples were immediately snap-frozen in liquid nitrogen and stored at -80˚C. All cell lines were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). The normal human bronchial epithelial cell line 16HBE and NSCLC cell lines SK-MES-1, H520, SPC-A1 and A549 were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin, and maintained at 37˚C in a 5% CO 2 humidified atmosphere.
The miR-154 mimics and negative control (NC) were obtained from GenePharma (Shanghai, China). pcDNA3.1-BMI-1 or pcDNA3.1-Ctl were synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). For transfection, cells were seeded in six-well plates and grown to a confluency of 50-60%. Transfections were performed using a Lipofectamine 2000 kit (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) following the manufacturer's protocol.
RNA isolation and reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was isolated from tissues or cell lines using TRIzol reagent (Invitrogen) according to the standard protocol. The concentration and purity of total RNA were determined by A260/A280 with a NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Wilmington, DE, USA). For miR-154 expression, total RNA was reversed transcribed into cDNA using a TaqMan microRNA reverse transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA). qPCR was performed with a TaqMan microRNA assay kit (Applied Biosystems). For BMI-1 mRNA expression, the synthesis of cDNA was performed using an M-MLV First Strand kit (Invitrogen), followed by qPCR with a SYBR-Green PCR kit (Takara Biotechnology Co., Ltd., Dalian, China). U6 and GAPDH mRNA were used as endogenous controls for miR-154 and BMI-1 mRNA expression levels. All reactions were performed on an ABI 7500 real-time system (Applied Biosystems).
Cell proliferation assay. Cell proliferation was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, according to the manufacturer's protocol. In briefly, transfected cells were harvested, seeded in 96-well plates at a concentration of 3,000 cells per well, and cultured for 1, 2, 3 and 4 days. At the indicated time points, cells were incubated with 20 µl MTT solution (5 mg/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 4 h at 37˚C. Then, the MTT solution was removed and dimethyl sulfoxide was added into each well to dissolve the formazan crystals. Optical density was determined using a microplate reader (Pharmacia Biotech, Uppsala, Sweden) at a wavelength of 490 nm.
Migration and invasion assay. For migration assays, transfected cells were collected, suspended with FBS-free culture medium, and seeded in the upper chambers of Transwell plates (BD Biosciences, San Jose, CA, USA). DMEM containing 20% FBS was added to the lower chamber as a chemoattractant. The Transwell plates were incubated in 5% CO 2 at 37˚C for 24 h. The cells in the upper chamber were carefully removed with cotton swabs, then the plates were fixed in 95% methanol and stained with 0.1% crystal violet. The stained cells were counted in five random fields per Transwell plate under a microscope, and quantification was performed by manually counting the stained cells. The invasion assays were carried out in the same way as migration assays, with the exception that Matrigel (BD Biosciences) was used in the Transwell plates.
Bioinformatics methods. TargetScan (http://www.targetscan. org/) and PicTar (http://pictar.mdcberlin.de/) were used to predict the potential target genes of miR-154.
Luciferase reporter assay. The 3'UTR of BMI-1 containing a putative binding site (BMI-1-3'UTR WT) or a mutant (BMI-1-3'UTR MUT) cloned into the psi-CHECK2 vectors were synthesized by GenePharma. HEK293T cells were seeded in 24-well plates. Following incubation overnight, BMI-1-3'UTR WT and BMI-1-3'UTR MUT were co-transfected with miR-154 mimics or NC using Lipofectamine 2000 reagent. Forty-eight h after transfection, cells were collected, and firefly and renilla luciferase activity was detected using a dual luciferase reporter assay system (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol. Renilla luciferase was used as an internal control.
Western blot analysis. Proteins were isolated using radioimmunoprecipitation assay buffer (Sigma-Aldrich) containing 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich). Twenty micrograms of protein were loaded into 10% SDS-PAGE, and transferred to a polyvinylidene fluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were then blocked for 30 min at room temperature with 5% skimmed milk in Tris-buffered saline (TBS) solution containing 0.1% Tween 20 (TBST), and probed with primary antibodies at 4˚C overnight. The primary antibodies used in this study include mouse anti-human monoclonal BMI-1 antibody (sc-390443; 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and mouse anti-human monoclonal GADPH antibody (sc-365062; 1:1,000; Santa Cruz Biotechnology, Inc.). Subsequently, the membranes were washed with TBST three times and incubated with horseradish peroxidase-conjugated secondary antibody (1:5,000; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. Finally, the membranes were washed again with TBST three times and the proteins were visualized using an enhanced chemiluminescence detection system (GE Healthcare Life Sciences, Chalfont, UK). Statistical analysis. All data are presented as the means ± standard deviation. SPSS 15.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-154 is downregulated in NSCLC.
Firstly, RT-qPCR was performed to measure miR-154 expression in NSCLC tissues and matched normal lung tissues. The results revealed that miR-154 was significantly downregulated in NSCLC tissues in comparison with matched normal lung tissues (Fig. 1A,  P<0 .05). miR-154 expression levels in NSCLC cell lines and normal human bronchial epithelial cell line 16HBE were also determined using RT-qPCR. As shown in Fig. 1B , miR-154 expression levels were decreased in all four NSCLC cell lines compared with 16HBE (P<0.05). Among the four NSCLC cell lines, SPC-A1 and A549 expressed the lowest miR-154 levels and were thus selected for further analyses.
Effects of miR-154 overexpression on NSCLC cell proliferation, migration and invasion.
To evaluate the biological roles of miR-154 in NSCLC, the effects of miR-154 overexpression on NSCLC cell proliferation, migration and invasion were investigated. miR-154 mimics or NC were transfected into SPC-A1 and A549 cells. Following transfection for 48 h, RT-qPCR was carried out to assess the transfection efficiency. As shown in Fig. 2A , miR-154 was significantly elevated by miR-154 mimic transfection in SPC-A1 and A549 cells (P<0.05).
Cell proliferation assay results revealed that cell proliferation was notably reduced in SPC-A1 and A549 cells transfected with miR-154 mimics (Fig. 2B, P<0.05 ). In addition, migration and invasion assays revealed that miR-154 decreased the migration and invasion of SPC-A1 and A549 cells compared with the NC groups (Fig. 2C, P<0 .05). Taken together, these results indicate that miR-154 may act as a tumor suppressor in NSCLC progression.
BMI-1 is a direct target of miR-154 in NSCLC.
To further reveal the molecular mechanisms underlying this tumor suppressor role of miR-154, TargetScan and PicTar were used to predict the potential target genes of miR-154. Bioinformatics analysis revealed that BMI-1 is a potential target of miR-154. Subsequently, luciferase reporter assays were adopted to check whether miR-154 directly targets the 3'UTR of BMI-1. Putative target sites of miR-154 in 3'-UTR of BMI-1 are presented in Fig. 3A . As shown in Fig. 3B , miR-154 decreased the luciferase activity of the BMI-1-3'UTR (P<0.05), whereas BMI-1-3'UTR MUT blocked this decrease (P>0.05). To further evaluate whether BMI-1 was modulated by miR-154, miR-154 mimic or NC was transfected into SPC-A1 and A549 cells, and BMI-1 expression levels were measured by RT-qPCR and western blot analysis. The results revealed that BMI-1 was significantly reduced at the mRNA (Fig. 3C, P<0 .05) and protein (Fig. 3D,  P<0 .05) levels in miR-154-transfected SPC-A1 and A549 cells compared with the NC groups (P<0.05). These results suggested that miR-154 bound to the 3'UTR of BMI-1 and thus regulated its expression.
BMI-1 overexpression reverses effects of miR-154 upregulation in NSCLC cells.
As BMI-1 was identified as a direct target of miR-154, it was then investigated whether BMI-1 had functional roles in regulating miR-154-induced NSCLC regulation. To do so, pcDNA3.1-BMI-1 or pcDNA3.1-Ctl were transfected into SPC-A1 and A549 cells. At 48 h after transfection, the expression levels of BMI-1 were determined by RT-qPCR (Fig. 4A, P<0.05) .
Next, various functional rescue experiments were performed. As expected, BMI-1 overexpression mostly reversed the inhibitory influence of miR-154 on proliferation (Fig. 4B, P<0 .05), migration and invasion (Fig. 4C, P<0 .05) in NSCLC cells. Thus, these data strongly demonstrate that miR-154 acted as a tumor suppressor in NSCLC, at least in part through negative regulation of BMI-1.
Discussion
Lung cancer remains the leading cause of cancer-associated mortality in China and worldwide (15) . With frequent local infiltration and distant metastasis, lung cancer development is a complex process that involves multiple genes, pathways and steps (16) . A great deal of studies have indicated miRNAs to be critical regulators in the carcinogenesis and progression of human cancers (17) (18) (19) . Furthermore, acting as either tumor suppressors or oncogenes, miRNAs have been demonstrated to be involved in a wide range of physiological and pathological processes, including cell growth, cell cycle, apoptosis, migration, invasion and metastasis (11) (12) (13) . Therefore, exploring the correlation between NSCLC and miRNAs may be of benefit in the investigation of therapeutic strategies to improve the cure and survival rates of this cancer.
The data from the present study revealed that miR-154 was significantly downregulated in NSCLC tissues and cell lines, which was consistent with previous findings that expression levels of miR-154 were lower in several human cancer types and cell lines, including colorectal cancer (20) , NSCLC (21), osteosarcoma (22) , hepatocellular carcinoma (23) and prostate cancer (24) . This finding indicated that the low expression levels of miR-154 may contribute to the carcinogenesis and progression of NSCLC. In addition, functional analysis revealed that restoration of miR-154 expression in NSCLC cells led to a significant inhibition of cell proliferation, migration and invasion. Next, BMI-1 was identified as a direct target gene of miR-154 in NSCLC via bioinformatics analysis, luciferase reporter assay, RT-qPCR and western blot analysis. In addition, BMI-1 overexpression reversed the inhibitory influence on NSCLC cells induced by miR-154, indicating that miR-154 acted as a tumor suppressor at least in part through the negative regulation of BMI-1.
The prognostic value of miR-154 has been investigated in several types of human cancer. For example, Kai et al reported that, in colorectal cancer, decreased expression levels of miR-154 were significantly associated with large tumor size, positive lymph node metastasis and advanced clinical stage (20) . Univariate analysis revealed that colorectal cancer patients with low miR-154 expression levels had a poorer overall survival rate. In addition, multivariate analysis identified low miR-154 expression as an independent predictor of poor survival (20) . Pang et al demonstrated that miR-154 expression was negatively correlated with tumor differentiation, tumor-node-metastasis (TNM) stage and lymph node metastasis in hepatocellular carcinoma (23) . Lin et al revealed that low miR-154 expression was significantly correlated with metastasis, larger tumor size and advanced TNM stage in NSCLC (21) . These findings implicated the potential effects of miR-154 in the prognosis of cancer.
The downregulation of miR-154 in several cancer types indicates that it may serve a significant role in the carcinogenesis and progression of cancer. Indeed, miR-154 has been demonstrated to be involved in several tumor suppressor functions. Zhou et al observed that miR-154 suppressed osteosarcoma cell proliferation, colony formation, migration and invasion, as well as inducing cell cycle arrest at the G1 stage (22) . Pang et al reported that enforced miR-154 expression in hepatocellular carcinoma cells decreased cell growth and metastasis, and enhanced apoptosis and cell arrest at the G1 phase in vitro, as well as inhibiting tumor growth in vivo (23) . Furthermore, miR-154 was noted to serve an essential role in regulating the growth, colony formation, migration and invasion of colorectal cancer cells (25) . In prostate cancer, ectopic miR-154 expression inhibited proliferation, migration and invasion (24, 26) . These findings indicated that miR-154 could be investigated as a therapeutic target for these human cancer types.
With regard to miR-154, several targets have been determined in previous studies, including Wnt5a in osteosarcoma (22) , Zinc finger E-box-binding homeobox 2 in hepatocellular carcinoma (23) , toll-like receptor 2 in colorectal cancer (25) , and high-mobility group AT-hook 2 (24) and cyclin D2 (26) in prostate cancer. In the present study, a novel direct target gene of miR-154, BMI-1, was identified. Bioinformatics analysis revealed that BMI-1 was one of the potential target genes of miR-154. Luciferase reporter assays revealed that luciferase activity was suppressed by cotransfecting miR-154 mimics and BMI-1-3'UTR WT. However, this inhibition could be abrogated by cotransfecting miR-154 mimic and BMI-1-3'UTR MUT. Restoration of miR-154 expression decreased the expression of BMI-1 at the mRNA and protein expression level in NSCLC cells. Finally, BMI-1 overexpression reversed the inhibitory influence on NSCLC cells induced by miR-154. These findings indicated that targeting BMI-1 was involved in the tumor suppressor functions of miR-154 in NSCLC.
In conclusion, the present study offers evidence that miR-154 is downregulated in NSCLC and may act as a tumor suppressor in NSCLC carcinogenesis and progression, partly by negatively regulating BMI-1. Modulating miR-154 expression represents a potential strategy for the treatment of NSCLC patients.
